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Abstract
Purpose For the sake of risk assessment for arsenic-contaminated sites, the purpose of this study is to estimate the bioavailable
arsenic fractions in soil by using the three arsenic-specific sequential extraction procedures (SEPs) and distinguish which SEP can
reliably identify and estimate the bioavailable arsenic, so as to screen the most suitable SEP for the risk assessment of arsenic-
contaminated sites.
Materials and methods The arsenic uptake by spinach and amaranth was used to evaluate bioavailability of arsenic fractions
defined by the SEPs proposed by Shiowatana, Larios, and Wenzel, respectively, as well as the ability of these three SEPs to
identify and estimate bioavailable arsenic.
Results and discussion The results showed that besides the highly mobile arsenic fractions defined by each SEP, the less mobile
HCl-extractable arsenic (mainly carbonate-bound arsenic) in Shiowatana SEP was also the source of bioavailable arsenic, and
their contribution to bioavailable arsenic depended not only on their mobility but also on their content, suggesting that the
independent extraction of carbonate-bound arsenic should be considered in the design of arsenic-specific SEPs.
Conclusions All three SEPs could provide approximate estimation of bioavailable arsenic fractions. Although Wenzel SEP
performed slightly worse than Larios SEP and Shiowatana SEP, all three SEPs had acceptable accuracy and reproducibility in
arsenic fractionation. However, the Shiowatana SEP performed more comprehensive in extracting potential bioavailable arsenic
fractions and identifying the source of bioavailable arsenic, indicating that it might be more suitable for the risk assessment of
arsenic-polluted sites based on arsenic fractionation.
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1 Introduction

Arsenic is a toxic metalloid element that may cause skin dis-
eases and cardiovascular diseases and has potential

carcinogenic effect (Kapaj et al. 2006; Jomova et al. 2011).
The extensive use of arsenic in industry and agriculture (Wang
and Mulligan 2006), such as metal mining and smelting, and
the use of fertilizers and pesticides (Mandal and Suzuki 2002),
has resulted in a large number of arsenic-contaminated sites,
which directly or indirectly lead to the treat of arsenic pollu-
tion to tens of millions of people (Zhang and Wang 2018).
Soil arsenic pollution has become a noteworthy problem not
only in the developing countries, like Bangladesh, India,
Vietnam, Argentina, and China, but also in the developed
countries such as Germany, Australia, and the USA (Mandal
and Suzuki 2002; Singh et al. 2015; Keshavarzifard et al.
2019); risk assessment for arsenic-contaminated sites will be
an important and practical issue.

The chemical fractions of metal(loid)s in site soils and their
bioavailability are of great significance to site risk assessment.
On the one hand, it has been widely recognized that the total
concentration–based risk assessment methods often
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overestimated the potential risk (Whitacre et al. 2017; Zhang
et al. 2018; Srithongkul et al. 2019), and the chemical frac-
tions of metal(loid)s rather than their total concentration usu-
ally provide more accurate risk assessment information (Islam
et al. 2017). On the other hand, bioavailability has become a
key factor in site risk assessment. In recent years, some risk
assessment methods taking bioavailability into account have
already been proposed and indeed in many countries, like
USA, Canada, and some European countries, have incorpo-
rated such risk assessment methods into their legislation on
risk assessment and management (CCME 2007; U.S.EPA
2007; EuropeanCommission 2009). In view of this, identifi-
cation and quantification of various fractions of metal(loid)s
and their bioavailability are the premise and basis for site risk
assessment.

Up to now, although there are various understandings
about the bioavailability of metal(loid)s in soils (Ehlers and
Luthy 2003; Semple et al. 2004; Ehlers and Loibner 2006;
Berthelot et al. 2008; Rosado et al. 2016), it can be generalized
that bioavailability refers to the fractions of metal(loid)s that
can play a role in organisms. In this context, some bioassay
methods have been proposed to measure the bioavailability of
metal(loid)s in soils. Among them, it is a common and reliable
way to assess the bioavailability of metal(loid)s in soils by
directly measuring the amount of metal(loid)s absorbed by
organisms, including oligochaetes (e.g., earthworm), insects,
and various terrestrial plants (Rosado et al. 2016).
Nevertheless, due to the time-consuming, cumbersome, diffi-
cult to reproduce, and high cost, the application of such
methods is limited, especially in the case of multi-sample
analysis requirements for site risk assessment (Turner and
Olsen 2000). In addition, it should be emphasized that the
amount of bioavailable pollutants does not necessarily corre-
spond to the amount absorbed by an organism, although it
represents the maximum amount of pollutants that can be
absorbed (Ianni et al. 2010). Therefore, for the sake of risk
assessment, the exploration of chemical testing methods for
the bioavailability of metal(loid)s has never stopped.

Sequential extraction procedure (SEP) is an important tech-
nique for fractionation of metal(loid)s in soils, which uses
chemical reagents with different extraction abilities to extract
metal(loid) fractions from soil in turn (Bacon and Davidson
2008). That is to say, the SEP can provide detailed informa-
tion on the binding states and distribution of metal(loid)s in
soils and then can effectively evaluate the mobility of metal(-
loid)s (Adamo and Zampella 2008), which is closely related to
the bioavailability of metal(loid)s. Based on this fact, the SEP
has been widely used to evaluate the bioavailability of metal(-
loid)s in soils (Remon et al. 2013; Adamo et al. 2014). Indeed,
many studies have demonstrated that there is a high correla-
tion between the mobile fractions of metal(loid)s extracted by
the SEP and the bioavailable fractions of metal(loid)s quanti-
fied by the bioassays (Lee et al. 2011; Chakraborty et al. 2014;

Kumpiene et al. 2017). In addition, the use of SEP to evaluate
the bioavailability of metal(loid)s has incomparable advan-
tages in site risk assessment, for example, it is simple in oper-
ation, low in cost, suitable for various soils, and with easily
understandable and comparable results (Rosado et al. 2016).

Among many SEPs, both the BCR (Ure et al. 1993) SEP
developed by the European Community Bureau of Reference
and the one proposed by Tessier et al. (1979) are widely used
currently, but they are not fully applicable for the extraction of
arsenic in soils. The reason is that they are mainly designed for
the metals in the form of cations in soils. Many extractants for
cationic metals are not suitable for arsenic, such as hydrogen
peroxide and hydroxylamine hydrochloride, which are not
selective to the extraction of arsenic, because arsenic exists
in soil as anions (Gleyzes et al. 2002). To cope with this
shortage, some arsenic-specific SEPs have been proposed.
Among them, three SEPs, i.e., the SEP proposed by Wenzel
et al. (2001), the SEP developed by Shiowatana et al. (2001),
and the SEP designed by Larios et al. (2013), have been men-
tioned more. Although the arsenic fractions defined by these
three SEPs are different from each other, they can be classified
into four categories: acid-extractable arsenic, reducible arse-
nic, oxidizable arsenic, and residual arsenic. Many studies
confirm the accuracy, precision, and reproducibility of these
SEPs in the fractionation of soil arsenic (Mester et al. 1998;
Alborés et al. 2000; Larios et al. 2012), while few studies pay
attention to their ability of identifying and estimating the bio-
availability of soil arsenic (Rosado et al. 2016; Wan et al.
2017). Therefore, their use to quantitate the bioavailable arse-
nic fractions in soil remains to be questioned.

The purpose of this study is to estimate the bioavailable
arsenic fractions in soil by using the above three arsenic spe-
cific SEPs, compare the obtained results with the arsenic
enriched by two kinds of leaf plants (spinach and amaranth),
and distinguish which SEP can reliably identify and estimate
the bioavailable arsenic, so as to screen the most suitable SEP
for the risk assessment of arsenic-contaminated sites.

2 Materials and methods

2.1 Soil samples and their source

With two topsoil samples (30 cm in depth, each weighing
about 5 kg) at each site, eight contaminated soil samples that
were labelled with S1-S8 were randomly collected from four
arsenic-contaminated sites in Hunan and Jilin Provinces of
China. These sampling points were respectively located in a
realgar mining area (sample S1 and S2), in a tin mining area
(sample S3 and S4), near an abandoned pesticide factory
(sample S5 and S6), and in a site contaminated by chemical
weapons left over from Japan (sample S7 and S8).
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In addition, two arsenic-free topsoil samples were collected
in a mountainous area in Beijing suburb, added with themixed
solution of sodium arsenate and sodium arsenite, and then
aged for 60 days under normal temperature and cool environ-
ment to prepare the spiked arsenic soil samples. They were
labelled with S9 and S10.

After natural air-drying, all 10 soil samples were crushed
and sifted through 2-mm sieve and then stored in seal envi-
ronment at 4 °C for later use.

Some physicochemical properties of these soil samples
were measured, including pH, oxidation-reduction potential
(ORP), organic matter (OM), cation exchange capacity
(CEC), carbonate content, and the contents of Fe, Al, and
Mn. Among them, pH, ORP, OM, and CEC were measured
by the test methods used in our previous study (Dong et al.
2017), the carbonate content was measured by the “Karbonat-
Bombe” method of Müller and Gastner (1971), and the con-
tents of Fe, Al, and Mn were measured using a portable XRF
spectrometer (Explorer 9000) (Kalnicky and Singhvi 2001).

2.2 Pot experiment

Carried by pot experiment, and through their uptake of arse-
nic, amaranth and spinachwere selected as indicator plants to
quantity the bioavailable arsenic in the 10 soil samples.

After completely mixed and homogenized, 500 g of each
soil sample was transferred to aϕ14.5 cm × 12 cm plastic pot.
The seeds of amaranth (0.15 g) or spinach (0.30 g) were
sowed evenly on the soil surface at each pot and covered with
about 60 g of the same soil. With triplicates set for each soil
sample and indicator plant, 60 pots were prepared in total. All
these pots were placed in an artificial climate incubator for
plant growing away from the impact of ambient environment.
During plant growth period, the growth conditions were set as
follows: 16/8 h of day-night cycle, 12,000 Lux of daytime
light intensity, 25 ± 1 °C temperature, and 22 ± 1 °C of night
temperature. We observe plant growth regularly and add de-
ionized water to the soil in the pot to ensure soil moisture
constant at 50% saturation.

Plant samples were harvested in a manner of whole pot
after 45 days of cultivation. The amaranth or spinach plants
in each pot were uprooted and rinsed with deionized water
trice to remove adherent soil particles and then sealed and
stored below 0 °C for later biomass testing and arsenic content
analysis.

2.3 Extraction of arsenic in soil samples

2.3.1 Extraction of total arsenic

For each soil sample, after completely mixed and homoge-
nized, 0.2 g of test samples was taken, ground to below
0.149 mm, and then digested with aqua regia/HF (1:1 in v/v)

at 96 °C in water bath for 2 h (Wan et al. 2017). The digestion
solution was collected after centrifugal separation for later
arsenic analysis.

2.3.2 Extraction of arsenic fractions by three SEPs

Inclusive of the defined arsenic fractions, the specific extrac-
tion procedures of three SEPs are listed in Table 1.

Like the extraction of total arsenic, 2 g of test samples of
each soil was taken for each SEP and ground to below
0.149 mm.

After each extraction step of the selected SEP, the extract
was centrifuged at 4000 rpm for 15 min and filtered through a
0.1-mm cellulose vacuum filter. The extracted residue of soil
was suspended in 20 mL deionized water, shaken fully for
15 min, centrifuged at 4000 rpm for 10 min, and filtered
through the same filter. The filtrates from both filtrations were
collected and added to the extract for later arsenic analysis.
The filter was rinsed with deionized water for the use in the
next extraction step.

2.4 Extraction of arsenic in plant samples

Each plant sample was dried to constant weight at 60 °C to
weigh and record its dry weight.

When extracting arsenic in plant samples, 0.5 g of test
samples was taken from each homogenized dry plant sample
and then digested with 10 mL concentrated HNO3 and 5 mL
30% H2O2 at 120 °C for 1 h in the presence of 800 W micro-
wave (Wan et al. 2017).

2.5 Arsenic analysis

The arsenic concentration in the digestion solutions/extracts of
soil and plant samples was measured by a double channel
atomic fluorescence spectrometer (AFS3100, BJHG, China)
with the following operating parameters: mixed solution of
KHB4 (1%) and KOH (0.2%) used as reducing agents at a
flow rate of 4.80 mLmin−1, 10% HCl solution used as sample
carrier liquid at a flow rate of 2.50 mL min−1, and high-purity
argon used as carrier gas at a flow rate of 300 mL min−1.

All analytical tests were performed in triplicates; mean-
while, the analytical quality was validated by certified stan-
dard samples. Among them, the analytical quality of soil sam-
ples was evaluated by the certified soil samples of limestone
soil (GBW07404, 58 ± 6 mg kg−1) and yellow-red soil
(GBW07405, 412 ± 16 mg kg−1) provided by the Institute of
Geophysical and Geochemical Exploration, China, with a per-
centage recovery of 98.02% and 97.51%, respectively, and the
detection limit (LOD) of 35 μg kg−1, while the analytical
quality of plant samples was evaluated by the certified plant
samples of citrus leaf (GBW10020, 1.1 ± 0.2 mg kg−1) and
beans (GBW10021, 0.15 ± 0.02 mg kg−1) from the same
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Institute, with a percentage recovery of 97.36% and 95.82%,
respectively, and the LOD of 20 μg kg−1.

2.6 Data analysis

The test results of each sample (inclusive of soil and plant
samples) were expressed as the mean ± standard deviation of
three measurements. SPSS 22.0 was used for statistical anal-
ysis (inclusive of variance analysis, Pearson correlation anal-
ysis, and partial correlation analysis), and Excel 2010 was
used for graph drawing.

3 Results and discussion

3.1 Characterization of the soil samples

With greatly varied arsenic content, these soil samples in-
volved different soil types and different pollution history,
had different pH value and OM content, higher ORP and
moderate CEC, and contained relatively large quantity of po-
tential arsenic scavengers such as Fe, Al, Mn, and carbonate
(Table 2) (Filgueiras et al. 2002), covering almost various

potential factors and conditions that affect the distribution of
arsenic fractions in soils. They were relatively ideal test sam-
ples for comparing different SEPs in identifying and estimat-
ing bioavailable arsenic in soils.

3.2 Arsenic fractions in soil samples determined by
three SEPs

The arsenic fractions in the 10 soil samples determined by
each SEP are listed in Table 3, together with the recovery rate
and the coefficient of variation (CV), related to the accuracy
and reproducibility of each SEP. Among them, the recovery
rate is defined as the percentage ratio of the sum of various
arsenic fractions measured by each SEP to the total arsenic
directly measured, while the CV is defined as the percentage
ratio of standard deviation to mean tested in triplicates.

The accuracy of the three SEPs was satisfactory and ac-
ceptable in terms of the recovery rates and their fluctuation
ranges of each SEP (Silva et al. 2014; Wan et al. 2017; Xie
et al. 2019). However, the recovery rates of the Larios and
Shiowatana SEPs were not significantly different from each
other at a confidence limit of 95%, and they were statistically
significantly higher than that of the Wenzel SEP (Table 3,

Table 1 Arsenic fractions defined by three SEPs and their extraction procedures and conditions

Desired arsenic fraction Extractant Extraction conditions Solution/
soil ratio

SEP1: Wenzel et al. (2001)

FW1: non-specifically adsorbed arsenic 0.05 M (NH4)2SO4 20 °C, 4 h shaking 25:1

FW2: specifically adsorbed arsenic 0.05 M NH4H2PO4 20 °C, 16 h shaking 25:1

FW3: arsenic bound to amorphous
Fe/Al (hydr)oxides

0.2 M (NH4)2C2O4 (pH = 3.25) 20 °C, 4 h shaking in the dark 25:1

FW4: arsenic bound to crystalline
Fe/Al (hydr)oxides

0.2 M (NH4)2C2O4 + 0.1
M Ascorbic acid solution (pH = 3.25)

30 min in a water bath at
96 °C ± 1 °C in the light

25:1

FW5: residual arsenic Aqua regia/HF (1:1 in v/v) 2 h in a water bath at 96 °C ± 1 °C 50:1

SEP2: Larios et al. (2013)

FL1: readily soluble arsenic Deionized water (pH = 6) 20 °C, 24 h shaking 60:1

FL2: strongly adsorbed arsenic 0.5 M Na2HPO4 (pH = 8) 20 °C, 8 h shaking 80:1

FL3: arsenic associated with Al
oxyhydroxides

0.5 M NH4F (pH = 8.2) 20 °C, 15 h shaking 60:1

FL4: arsenic bound to organic matter 0.1 M Na4P2O7 20 °C, 8 h shaking 20:1

FL5: arsenic bound to amorphous
Fe oxyhydroxides

0.2 M (NH4)2C2O4/H2C2O4 (pH = 3) 20 °C, 4 h shaking in the dark 40:1

FL6: arsenic bound to poorly crystalline
Fe (hydr)oxides

0.2 M sodium citrate + 0.6 M NaHCO3 + 0.4 M
Ascorbic acid solution (pH = 8)

20 °C, 21 h shaking 80:1

FL7: residual arsenic Aqua regia/HF (1:1 in v/v) 2 h in a water bath at 96 °C ± 1 °C 50:1

SEP3: Shiowatana et al. (2001)

FS1: water-soluble arsenic Deionized water (pH = 6) 20 °C, 16 h shaking 30:1

FS2: surface-adsorbed arsenic 0.5 M NaHCO3 (pH = 9) 20 °C, 16 h shaking 30:1

FS3: Fe/Al-associated arsenic 0.1 M NaOH (pH = 13) 20 °C, 16 h shaking 30:1

FS4: acid-extractable arsenic 1 M HCl 20 °C, 16 h shaking 30:1

FS5: residual arsenic Aqua regia/HF (1:1 in v/v) 2 h in a water bath at 96 °C ± 1 °C 50:1

For ease of comparison, a unified procedure like total arsenic extraction was adopted for the extraction of residual arsenic of each SEP
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recovery rate [%]), implying that the two SEPs performed
equally well and both performed better than the Wenzel SEP
in arsenic fractionation with respect to accuracy. The reason
might be that the Wenzel SEP did not extract independently
such key arsenic fractions as the bound to carbonate and the
bound to organic matter.

In addition, except for higher CVs (exceeding 10%) found
mainly in the first arsenic fraction in each SEP, the CVs for
different arsenic fractions tested by each SEP in triplicates
were lower on the whole (mostly less than 5.0%) without
significant differences among them at the confidence limit of
95% (Table 3; CV [%]), meaning that the three SEPs had
comparable and acceptable reproducibility in soil arsenic frac-
tionation analysis. Besides the heterogeneity of soil samples,
the main reason for these higher CVs might be the low con-
centration of arsenic in the extracted arsenic fractions.

As discussed above, bioavailable arsenic in soil refers to
the part that can play a role in organisms (Caussy 2003;
Bagherifam et al. 2019). Arsenic in soil can be roughly clas-
sified into mobile and stable fractions in accordance with its
mobility. The mobile arsenic fraction in soil refers to that
exists freely or can be directly converted to a free state under
particular environmental conditions, which generally has high
mobility and can be regarded as the potential bioavailable
arsenic. Due to the differences in definitions of arsenic frac-
tions and their operation conditions, there were significant
differences in the extraction of some arsenic fractions by the
three SEPs (Fig. S1), especially the iron-/aluminum-bound
arsenic and carbonate-bound arsenic. Considering that bio-
available arsenics are highly dependent of mobile arsenic frac-
tions in soil, only the mobile arsenics extracted by three SEPs
were compared in this study. The acid-extractable fractions
(including the water-soluble fraction, exchangeable fraction
and the fraction bound to carbonate) are generally regarded
as the mobile ones in metal(loid)s with high bioavailability
(Filgueiras et al. 2002;Wan et al. 2017). Some risk assessment
methods often evaluated the ecological risk of metal(loid)s
polluted sites based on the content of these fractions (Perin

et al. 1997; Yang et al. 2013; Wang et al. 2016). Therefore,
these arsenic fractions were compared as potential bioavail-
able ones (Fig. 1); it could be found that total content of bio-
available arsenic extracted by the other two SEPs were close
to each other except for a few samples with statistically sig-
nificant differences and were statistically significantly lower
than that extracted by the Shiowatana SEP. The main reason
might be that besides the use of similar weak alkaline
extractants to extract water-soluble and adsorbed arsenic, the
hydrochloric acid extraction step was specially designed,
which made it possible to extract carbonate-bound arsenic
independently and greatly improved the extraction of
carbonate-bound arsenic from soil. On the other hand, as in-
dicated by Srithongkul et al. (2020), the operation conditions
such as extraction time, the dosage of extractants, and
soil/solvent ratio had an effect on the extraction of arsenic
fractions in soil; for the other two SEPs, the designed extrac-
tion steps and their operation conditions could not be able to
distinguish the carbonate-bound arsenic from the Fe/Al-
associated arsenic.

3.3 Arsenic uptake by amaranth and spinach

Arsenic in soil affected plant growth. Excessive arsenic in
soil could inhibit the growth of plants to some extent,
resulting in dwarf plants and a decrease in biomass yield
(Table 4). It was also observed that in the pot experiment,
amaranth and spinach sown in soils S8, S9, and S10
stopped growth after germination and died gradually. It
was speculated that the main reason was that the arsenic
content in these soils exceeded the tolerance limit of am-
aranth and spinach to arsenic. The large amount of reac-
tive oxygen species produced due to arsenic stress could
not be effectively eliminated by their own antioxidant
system, resulting in disorder of their metabolism, destruc-
tion of cell structure, and eventually tending to growth
stagnation or even death (Chakraborty et al. 2016;
Tauqeer et al. 2016; Smolinska and Szczodrowska

Table 2 Physicochemical parameters and total arsenic content of soil samples

Samples pH Eh (mV) OM (g kg−1) CEC (cmolc kg−1) Carbonate (g kg−1) Mn (mg kg−1) Fe (g kg−1) Al (g kg−1) Total arsenic (mg kg−1)

S1 6.22 673.26 22.6 21.07 78.3 216.21 17.3 25.9 75.48 ± 1.89

S2 8.13 538.27 61.0 62.15 158.3 344.74 17.8 23.8 188.28 ± 5.77

S3 4.67 715.38 23.0 11.20 73.3 486.57 2.00 22.7 102.62 ± 3.26

S4 4.70 758.38 61.3 24.50 81.6 1288.52 27.7 23.6 52.93 ± 1.46

S5 6.68 582.20 69.3 42.08 101.6 882.14 37.4 23.8 210.60 ± 5.92

S6 6.14 682.20 52.7 39.61 106.6 810.67 31.2 25.4 50.75 ± 1.36

S7 6.55 629.27 44.4 19.20 80.0 374.39 26.9 4.70 120.24 ± 3.41

S8 6.78 674.33 10.8 13.06 58.3 154.71 22.2 4.20 478.58 ± 10.23

S9 8.32 589.20 4.60 48.24 145.0 503.25 4.30 11.2 487.87 ± 9.88

S10 7.90 597.26 6.00 51.13 143.3 520.28 4.20 9.80 122.28 ± 3.48
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2017). In addition, it was noteworthy that, unlike soil S8
and S9, the total arsenic content in soil S10 was not high,
close to that in soil S7 and much lower than these in soils
S2 and S5. However, the growth of the two plants in these
soils was quite different, the former eventually died, and
the latter three survived despite their growth being
inhibited to varying degrees. The reason was related to
the high content of potential bioavailable arsenic fractions
in soil sample S10 due to its short history of arsenic pol-
lution (Table 3 and Table 4; Fig. 1). Furthermore, com-
pared with the soil samples where the two plants could
grow normally, soil samples S8 and S9 leading to even-
tual plant death and soil samples S2 and S5 with signifi-
cant inhibition on plant growth also contained high con-
tent of potential bioavailable arsenic. These findings indi-
rectly demonstrated that the bioavailability and associated
risk of arsenic in soil was greatly dependent to its frac-
tions, especially the mobile fractions, rather than its total
content (Martínez-Sánchez et al. 2011; Sundaray et al.
2011; Wan et al. 2017).

The soil-to-plant transfer factor (TF) is defined by the
ratio of metal concentration in the plants to that in the rhizo-
sphere soil, which is often used to indicate metal uptake by
plants from the soil. Except for plant deaths in soil samples
S8, S9, and S10, the TFs for arsenic uptake by amaranth and
spinach were 0.034–0.172 and 0.039–0.219, respectively,
comparable to these reported by some studies on arsenic
uptake by the two plants (Yao et al. 2009; Kar et al. 2013;
Bergqvist et al. 2014; Wan et al. 2017). The soil-to-plant
transfer factor can be used as a direct index of soil metal
bioavailability under given soil metal concentration and in-
dicator plants, and the higher the TF is, the higher the content
of bioavailable metal in soil. As demonstrated by many stud-
ies, the bioavailable content of metal was highly dependently
to the content of mobile metal fractions instead of its total
content (Adamo and Zampella 2008; Bashir et al. 2009; Alan
and Kara 2019); this study found that the TFs of amaranth
and spinach were significantly correlated to the portion of
mobile arsenic fractions in soil rather than total arsenic con-
tent (Fig. S2). In addition, the study also indicated that there
was no statistical difference in measuring bioavailable arse-
nic between amaranth and spinach; however, the measure-
ment of bioavailable arsenic by spinach was little higher than
that by amaranth with respect to each soil sample. As other
studies have pointed out (Marrugo-Negrete et al. 2015),
plants were usually different from each other in metal uptake
ability due to species difference; the above results might be
attributed to the fact that spinach is better than amaranth in
arsenic uptake. These results also confirmed the limitation of
metal bioavailability determined by bioassays, that is, the
results are generally species-specific, which may be quite
different due to the use of various biological species
(Rehman et al. 2016).T
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3.4 Bioavailability of arsenic fractions defined by
three SEPs

The bioavailability of different arsenic fractions can be eval-
uated by analyzing their contribution to arsenic uptake by
plants: the higher the contribution of the fractions was, the
higher the bioavailability of the fractions (Anawar et al.
2008;Martínez-Sánchez et al. 2011). Pearson correlation anal-
ysis showed that there was a statistically significant positive
correlation between all arsenic fractions and arsenic uptake by
spinach (Fbio-spinach) and by amaranth (Fbio-amaranth) (Table 5).
In each SEP, the arsenic fractions extracted in the first step
(i.e., FW1, FL1 and FS1) and the second step (i.e., FW2, FL2 and
FS2) were highly correlated with Fbio-spinach and Fbio-amaranth,
respectively, which was consistent with our recognition of the
high mobility of water-soluble and exchangeable metal frac-
tions (Martínez-Sánchez et al. 2011; Kar et al. 2013; Wan
et al. 2017). Moreover, in the Shiowatana SEP, besides FS1

and FS2, FS4 also showed a high correlation with the arsenic
uptake by the two plants. The mobility of metal fractions in
soil generally decreased in the order of water-soluble, ex-
changeable, carbonate-bound, reducible, oxidizable, and re-
sidual fractions, and the possibility of their utilization by
plants decreased accordingly (Sungur et al. 2016; Vaananen
et al. 2018). Similar results were concluded from Pearson
correlation analysis: the higher the mobility of arsenic frac-
tions was, the higher the correlation between them and the
arsenic uptake by the two plants, indicating their high bio-
availability. However, Pearson correlation analysis ignores
the intrinsic correlation between different arsenic fractions
and is not enough to identify or even misjudge sometime
which fractions are the main sources of bioavailable arsenic

determined by the two plants, which need further partial cor-
relation analysis to clarify.

Partial correlation analysis showed that the arsenic frac-
tion extracted in the second step of each SEP, not the one
extracted in the first step, had the highest correlation with
the bioavailable arsenic determined by the two plants
(Table 5), although the later was more mobile than the for-
mer. This might be ascribed to the very low content of
arsenic fraction extracted in the first step of each SEP
(Table 3), with most of them below 0.5 mg kg−1 and far
lower than that of arsenic fraction extracted in the second
step. Different from the other two SEPs, in the Shiowatana
SEP, in addition to FS1 and FS2, FS4 was also highly corre-
lated with the bioavailable arsenic determined by the two
plants, with the correlation degree second only to that of FS2

(Table 5), indicating that this arsenic fraction was also an
important source of bioavailable arsenic and had certain
bioavailability (Batjargal et al. 2010; Masto et al. 2015).
Therefore, from the point of bioavailability, the arsenic
bound to carbonate had better be extracted as an indepen-
dent fraction, such as FS4 in the Shiowatana SEP.

A very low positive or even negative correlation was found
between reducible arsenic (i.e., FW3 and FW4, FL3, FL5 and
FL6, and FS3) and the bioavailable arsenic determined by the
two plants through partial correlation analysis. This is be-
cause, on the one hand, iron oxide is an important immobilizer
of arsenic in soil (Warren et al. 2003; Hartley et al. 2004), and
the reducible arsenic, which is mainly composed of the arsenic
associated with Fe/Al oxides, has a low mobility naturally. On
the other hand, high redox potential and weak acidity of the
soil are not conducive to the bio-utilization of the reducible
arsenic (Masscheleyn et al. 1991).

Fig. 1 Mobile arsenic fractions
extracted by three SEPs, where
mobile arsenic fraction reads as
follows: FW1 + FW2 for Wenzel
SEP, FL1 + FL2 for Larios SEP,
and FS1 + FS2 + FS4 for
Shiowatana SEP. Data was
submitted to least significant
difference (LSD) test at 95%
confidence limit; different
lowercase letters indicate
significant difference (P < 0.05)
among mobile arsenic fractions
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Similarly, because, like sulfide, organic matter in soil
could promote the immobilization of metal(loid)s and re-
duce the mobility of arsenic and other metal(loid)s in soil
(Reis et al. 2010), the oxidizable arsenic (i.e., FL4) was
also negatively correlated with the bioavailable arsenic
determined by the two plants (Table 5).

The residual arsenic was the most stable among all
arsenic fractions, which was not bioavailable under natu-
ral environmental, and accordingly, it was negatively cor-
related with the bioavailable arsenic determined by the
two plants (Table 5).

3.5 Quantitative estimation of bioavailable arsenic by
three SEPs

Only part of the metal(loid)s entering the soil, i.e., bio-
available metal fractions, will have adverse effects on
ecosystems and organisms (Alexander 1995; Alexander
2000). The determination of these fractions is the key to
environmental risk assessment. As discussed earlier, al-
though the bioassay is relatively accurate and intuitive,
it is time-consuming and species-specific, which often
fails to meet the needs of large-scale sample analysis for
site risk assessment. Here, based on the results of three
SEPs and the bioavailable arsenic content in soil deter-
mined by spinach and amaranth, a quantitative estimation
method of bioavailable arsenic in soil was established,
which could provide an alternative for the rapid determi-
nation of bioavailable arsenic in soil.

The bioavailable arsenic could be estimated through
two paths using the arsenic fractions determined by the
three SEPs. First, empirical equations were established by
linear regression analysis involving the contributions of
all mobile arsenic fractions (Table 6). Second, empirical
equations were established by stepwise linear regression
analysis only considering the mobile arsenic fractions
with statistically significant contribution to bioavailable
arsenic fraction (Table 6). It could be found through these
equations that mobile fractions were the premise and basis
for the estimation of bioavailability. All the three SEPs
could provide reliable approximate estimation of bioavail-
able arsenic fraction through their defined and measured
mobile arsenic fractions. Among them, because it could
effectively extract the arsenic bound to carbonate, the
Shiowatana SEP performed better than the other two
SEPs in predicting the bioavailable arsenic. The contribu-
tion of mobile fractions to bioavailable ones is closely not
only to its mobility but also to its content. For example,
although the first arsenic fraction extracted in each SEP
(mainly water-soluble arsenic) was the most mobile
among all arsenic fractions, it had no statistically signifi-
cant contribution to the bioavailable arsenic due to its
very low content and was not introduced into the stepwiseTa
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linear regression prediction equations. It could be inferred
that in mild arsenic-contaminated sites, both the ex-
changeable and the carbonate-bound arsenics might be-
come main contributors to the ecological risk instead of
water-soluble arsenic due to their much higher content
than that of water-soluble arsenic. Only in the case of
severe pollution could the high mobility of water-soluble
arsenic play a role and become a significant contributor to
threatening ecological environment and human health,
due to their greatly increased content in soil.

4 Conclusion

Although Wenzel SEP performed slightly worse than Larios
SEP and Shiowatana SEP, all three SEPs had acceptable ac-
curacy and reproducibility in arsenic fractionation.

Among various arsenic fractions defined by the three SEPs,
both the first and second fractions (i.e., water-soluble and
exchangeable arsenic fractions) of each SEP, together with
the fourth arsenic fraction (i.e., carbonate-bound arsenic) of
Shiowatana SEP, showed high correlation with the arsenic

Table 5 Correlation analysis between arsenic fractions in three SEPs and the bioavailable arsenic determined by spinach and amaranth

Arsenic uptake by spinach (Fbio-spinach) Arsenic uptake by amaranth (Fbio-amaranth)

Pearson correlation Partial correlation Pearson correlation Partial correlation

R F P R F P R F P R F P

FW1 0.980 122.844 0 0.534 0.275 0.981 130.382 0 0.562 0.246

FW2 0.985 160.053 0 0.985 160.053 0 0.985 161.447 0 0.985 161.447 0

FW3 0.845 12.505 0.017 0.006 0.990 0.847 12.723 0.016 0.029 0.957

FW4 0.867 15.088 0.012 − 0.468 0.350 0.868 15.225 0.011 − 0.458 0.362

FW5 0.494 1.612 0.260 − 0.618 0.191 0.490 1.580 0.264 − 0.648 0.164

FL1 0.928 31.064 0.003 0.494 0.319 0.924 29.144 0.003 0.458 0.361

FL2 0.963 63.582 0.001 0.963 63.582 0.001 0.963 63.479 0.001 0.963 63.479 0.001

FL3 0.814 9.850 0.026 − 0.365 0.477 0.809 9.491 0.027 − 0.406 0.424

FL4 0.907 23.098 0.005 0.243 0.643 0.904 22.352 0.005 0.219 0.677

FL5 0.843 12.258 0.017 0.249 0.635 0.846 12.593 0.016 0.271 0.604

FL6 0.808 9.413 0.028 0.073 0.891 0.813 9.743 0.026 0.105 0.843

FL7 0.653 3.721 0.112 0.004 0.993 0.657 3.794 0.109 0.023 0.965

FS1 0.926 30.057 0.003 0.031 0.960 0.922 28.223 0.003 − 0.082 0.895

FS2 0.991 267.303 0 0.942 581.809 0.005 0.989 232.440 0 0.927 501.715 0.008

FS3 0.859 14.030 0.013 − 0.318 0.602 0.861 14.336 0.013 − 0.259 0.674

FS4 0.985 160.255 0 0.902 581.809 0.014 0.986 173.092 0 0.901 501.715 0.014

FS5 0.637 3.420 0.124 − 0.563 0.323 0.639 3.442 0.123 − 0.541 0.346

The statistical analysis was conducted at the confidence limit of 95%

Table 6 Quantitative estimation equations of bioavailable arsenic by three SEPs

Linear regression Stepwise linear regression

Equation R2 F P Equation R2 F P

Bioavailable arsenic determined by spinach (Fbio-spinach)

Wenzel SEP Fbio-spinach = 1.490 (FW1 + FW2) 0.950 113.35 0 Fbio-spinach = 1.572 FW2 0.943 98.702 0

Larios SEP Fbio-spinach = 1.566 (FL1 + FL2) 0.950 115.09 0 Fbio-spinach = 1.732 FL2 0.933 84.126 0

Shiowatana SEP Fbio-spinach = 0.664 (FS1 +FS2 + FS4) 0.995 1184.5 0 Fbio-spinach = 0.926 FS2 + 0.550 FS4 0.993 378.713 0

Bioavailable arsenic determined by amaranth (Fbio-amaranth)

Wenzel SEP Fbio-amaranth = 1.192 (FW1 + FW2) 0.958 137.87 0 Fbio-amaranth = 1.258 FW2 0.952 118.589 0

Larios SEP Fbio-amaranth = 1.251 (FL1 + FL2) 0.957 132.77 0 Fbio-amaranth = 1.386 FL2 0.942 97.326 0

Shiowatana SEP Fbio-amaranth = 0.529 (FS1 + FS2 + FS4) 0.997 1876.4 0 Fbio-amaranth = 0.728 FS2 + 0.445 FS4 0.996 611.965 0
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uptake by spinach and amaranth, indicating that they all were
potential bioavailable arsenic fractions. However, their contri-
bution to bioavailable fractions depended on not only their
mobility but also their content.

Due to independent extraction of carbonate-bound arsenic
besides water-soluble and exchangeable arsenic fractions,
Shiowatana SEP performed better than the other two SEPs
in identifying and extracting the bioavailable arsenic, indicat-
ing that the design of arsenic-specific SEPs should pay more
attention to the extraction of carbonate-bound arsenic.

All three SEPs could provide approximate estimation of
bioavailable fractions. However, the Shiowatana SEP was
more comprehensive in identifying the source of bioavailable
arsenic, indicating that it might be more suitable for the risk
assessment of arsenic-polluted sites based on arsenic
fractionation.
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